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Data-Driven Models
Physics-based Models: 

• Data-inspired Models: Simplified simulations to mimic observed 
scenarios 

• Data-constrained Models: Time-independent models satisfying 
observations at an instant in time. Includes models that may start with a 
data-constrained initial condition but driven by idealized boundary 
conditions. 

• Data-Driven Models: Time-dependent models evolved in response to 
evolving boundary conditions 

Empirical Data-Driven Models: 

• Physics-rules not prescribed. Try to discover relations in the data.
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Examples of Data-inspired Models
Left: Lugaz et al. (2011, ApJ)  

• Idealized flux rope inserted into 
background field extrapolated from a 
synoptic magnetogram. 

• MHD evolution of the non-force-free 
initial condition leads to a CME

Right: Fan (2011,  ApJ) 

• Smoothed MDI magnetogram of AR 10930 so that B=3 kG -> 200 G 

• A twisted  flux rope was emerged into the pre-existing sunspot.  The 
interaction between the two magnetic systems leads to an eruption



Torok et al. (2011, ApJL): MHD model of sympathetic eruptions inspired by Aug 1st 2010 events.

Examples of Data-inspired Models



Data-Constrained Model: Aug 21st Eclipse Predictions

Courtesy: Z. Mikic



Alfvén Wave Solar Model (AWSoM) 
van der Holst+ (2014, ApJ)

•Fully-compressible MHD equations 
+ Alfvén wave propagation and 
dissipation. 

•Used AIA (and STEREO) EUV images 
to validate the Alfvén wave heating 
model (as opposed to an analytical 
spatially-dependent heating model). 

•See Alvarado-Gómez et al. (2016, 
2018) for application to stellar winds 
of exoplanet host stars.

Data-Constrained Models



Data-inspired Model



SDO’s main goal is to understand, driving toward a predictive capability, 
those solar variations that influence life on Earth. 

SDO images the sun’s surface, atmosphere and interior.  
The mission generates about 3 terabytes worth of science data.  9



SDO in a Nutshell
• 3 instruments monitoring the Sun all the time since May 2010. 

• Atmospheric Imaging Assembly (AIA): visible, UV, and EUV full disk images of the 
photosphere, chromosphere, transition region and corona at 4096x4096 pixels. 

• Helioseismic & Magnetic Imager (HMI): visible light full disk dopplergrams and 
magnetograms at 4096x4096 pixels. 

• EUV Variability Experiment (EVE): disk-integrated EUV irradiance spectra at 1 Å resolution. 

• About 12 PBs of data to date. 

• SDO science data has been part of over 3000 refereed publications (18 in Science, 17 in 
Nature, 46 PhD dissertations).  

• Easy data access: First authors are spread out over 33 countries with co-authors from at 
least another 18 (source: NASA SDO project scientist Dean Pesnell).
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OPEN 
DATA 

POLICY

1. No proprietary data withholding 
period.  

2. Anyone with internet access can 
download full resolution, quick-look 
images within minutes of their 
capture. Fully calibrated science 
data available within days. 

3. Mirror data archives located 
around the world, including at 
Harvard-Smithsonian Center for 
Astrophysics, MPI for Solar System 
Research (Göttingen), University of 
Lancashire (UK) and Korea.
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OPEN 
DATA 

POLICY
http://www.lmsal.com/hek

COLLABORATIVE 
METADATA 

ENVIRONMENT
1. Researchers / computer algorithms find 

features and events (e.g. sunspots, flares) 
and submit them to the Heliophysics 
Events Knowledgebase (HEK). 

2. HEK is like a table of contents for solar 
data. 

3. HEK tells the user which data sets (from 
different observatories) are available, 
which events are nearby. This accelerates 
their workflow and widens their discovery 
space.
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OPEN 
DATA

APPLICATION

INTERFACES

PROGRAMMING
COLLABORATIVE  

METADATA 
ENVIRONMENT
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http://jsoc.stanford.edu
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http://jsoc.stanford.edu
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http://www.lmsal.com/hek/api.html 
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http://www.lmsal.com/hek/api.html


• Hayes, Gallagher , McCauley, Dennis, 
Ireland & Inglis, “Pulsations in the 
Earth’s Lower Ionosphere Synchronized 
with Solar Flare Emission”, JGR, 2017. 

• “To examine the lower ionosphere 
response to X-ray QPP, VLF radio 
signals at 24 kHz emitted by the 
communications transmitter in Maine, 
U.S. (station ID: NAA; 44.6∘N, 67.2∘W) 
were monitored at the Rosse Solar–
Terrestrial Observatory in Birr, Ireland 
(53.1∘N, 7.9∘W) using Stanford 
University Sudden Ionospheric 
Disturbance (SID) monitor (Scherrer et 
al., 2008).”

 19



http://newserver.stil.bas.bg/ISWI/Projects/Instrument_Area.html  20



Data-Driven Space Weather Models
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Physics-based Models: 

• Data-inspired Models: Simplified simulations to mimic observed 
scenarios 

• Data-constrained Models: Time-independent models satisfying 
observations at an instant in time. Includes models that may start with a 
data-constrained initial condition but driven by idealized boundary 
conditions. 

• Data-Driven Models: Time-dependent models evolved in response to 
evolving boundary conditions 

Empirical Data-Driven Models: 

• Physics-rules not prescribed. Try to discover relations in the data.



HMI vector magnetogram sequence of NOAA AR 11158 
Credit: Keiji Hayashi (HMI)



y side view

x side view

Top view
Visualization of Field Lines

Orange ~ ∫los<j2>dl, where <j2> is fieldline-averaged j2. Positive polarity Br.  Negative polarity Br
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Data-Driven Space Weather Models
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Physics-based Models: 

• Data-inspired Models: Simplified simulations to mimic observed 
scenarios 

• Data-constrained Models: Time-independent models satisfying 
observations at an instant in time. Includes models that may start with a 
data-constrained initial condition but driven by idealized boundary 
conditions. 

• Data-Driven Models: Time-dependent models evolved in response to 
evolving boundary conditions 

Empirical Data-Driven Models: 

• Physics-rules not prescribed. Try to discover relations in the data.



2019 Challenges  
- SDO ML (Cheung, 

Janvier & Jin) 
- GNSS (Bhatt, continued 

from 2018) 
- Hi resolution 

magnetograms over 
multiple cycles (Munoz-
Jaramillo & Wright)
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Researchers paid to work at  
NASA Ames and SETI Institute 

 for 8 weeks



http://svs.gsfc.nasa.gov/4009 


EVE = EUV Variability Experiment

Problem: EVE MEGS-A suffered electrical fault in 2014.  
Challenge: Use AIA images to  
produce EUV irradiance spectra.
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Model Approaches

SD
O

/A
IA

DeepEM
(temperature map 

inversion)

Full Machine Learning
MLP, CNN, etc. 

A
IA

+

SDO/EVE 
(MEGS-A)
emission 

line 
spectra

Physics-based
(Forward Model)

94, 131, 171, 193, 211 & 335 Å 304, 1600 & 1700 Å
Best Model: Linear Model on [AIA Means, AIA stds]  

+ AlexNet on Residuals + Average Pool 
<Rel Err> < 5% for all emission lines, < 2% for most lines  28
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Ready for use 
with numpy, 

sklearn, 
python DL 

frameworks.
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 31Dhuri, Hanasoge & Cheung (PNAS 20th May 2019)

Follows ML approach of  
Bobra & Couvidat (2015) SDO/HMI Vector Magnetograms Important for Flare Prediction

ML reveals systematic accumulation of electric current in lead-up to solar flares 



Summary
Data-inspired, Data-constrained, Data-Driven Physics based models.  

NASA’s Solar Dynamics Observatory a poster child for a successful science mission that 
also contributes to operational space weather. How? 

• Open data policy (legacy of SOHO; NASA Heliophysics leadership): Near-real time 
(nearly science quality) data available within minutes. Final science data available 
within days. 

• Meta-databases (HEK) + APIs (not just some passive FTP site) 

• Instruments and investigations operated by teams who care about the science.  

BTW Don’t take SDO for granted. No space-based Sun-Earth line solar magnetogram 
funded. 

Open data + open source software + machine learning frameworks + (relatively) 
inexpensive compute will let us use our sensor networks more effectively, and make 
improvements to space weather predictions.  
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Backup slides
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AGU 2017 
poster


